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MEASUREMENTS OF FUEL DISTRIBUTION WITHIN SPRAYS FOR FUEL-INJECTION
ENGINE-S

BY DANA W.Lm

SUMMARY

Two method.zwere wed to nuxmurefmd dish-iktim
within 8pray8from severaltypx of fu.d-injedhn nozzk%.
A smd? tube inw%xl throughthe wall of an airtighi cham-
ber into which the epray8 were injected could be moved
aboul iw”ok the chumber. When the premwrewas raised
to obtain air o?erwiiiaof 6 and 14 ahnoeph?rt%,8ome air
w forced through the tube and thefd thd WCMcm-rid
wiih it uxu 8eparakd by ab80rbenicotton and weighed.
Cro88sectims of spraysfrom pluinjpintle, multiple+nj%e,
impinging~”ets, eenitijuga-llLip, 81it,and annular-ori$ce
nozzk-s were Mm4@ed, at distam of 1, 3, 6, and 7
inclitx from the nozzles.

Sprays thutwere eymm.eh+xdabmdtheir axes were also
te&edby a 8eeondmethodin which the injeciiqt vabe w
inmrted throughthe top of a pre-wurechamberconiaini~
a nest of eigti c.oruniric cup8, the axi$ of which coincided
with tlw nozzle axis. The injectedfd w cawghiby the
cup8, drained irdo receptacles below, and weighed. T&
were made at 1, 6, and 1J aimozplwrw, & the 8ame dti-
tancesjrom the nozzla wed in tti$r8t method.

It w found that the dixtributhn oj thefd within the
spray8 a.houysimprovedwiih increaing dtiamfrom th
nozzle and usually with increamkg air d+nwiiy,the eyed
of bothjactors bei~ greuteztwith spray8 of high pendrai-
in.g power. Distribution within epray8from pluin noz-
zh improued 8.?ighL!yunlh am increuse in the injection
premu.reor with a o?ecrme in thefuel vi.sms-iiy. C7um.giW
th8 or&icelength-diunwierratw oj plain nozzles hud littk
qfect on fwel distribution.

INTRODUCTION

Laboratory research on comprtmsion-ignitionengine
hns resulted in recent years in continued iucreaaes h
speed and mean effective pressure, particularly wheI
some form of controlled air swirl is used-to improve thl
distribution of fuel throughout the combustion chain
her. Another effective method of increasing the ape
cific power output is ta improve the fuel distribution]
through changes in the nozzle design and injectio]
pressure, and it is believed that the work described iI
this report will be uzeful to those who are worki.q
along such lines. Spark-ignition engines employi~

uel injection having shown detinite advantages over
arburetcr+quipped engines, distribution tests were
Jso made at lo-ivair densities.

Outm%nding among previous measurements of fueI
Ii.stribution within sprays are those made at the
Pennsylvania State College, where the weights of fuel
eacliing various stations on a “dispersion rack” were
wourately determined (reference 1). The effects of
njection pressure, air density, fiel viscosity, orifice
tiameter, and distance from the nozzlo were deter-
mined using plain cylindrical nozzles. The results
me oomplete only at 14 inches tim the nozzle; at
learer stations the weights at the center of the spray
:ould not be obtained. At a latir date, the total
unounta of fuel reaching various distances from the
lozzle were oaught and weighed by a “tipping cup”
:referonce 2).

Several previous experiments on the distribution of
uel in sprays have also been made at this laboratory.
L’he relative amounts of fuel reaching dillerent dis-
mmee from the nozzle were obtained in connection
vith atomization measurementts and the results Me
jven in reference 3. The structure of fuel sprays
md the process by which they are fommd were studied
]y means of spark photographs taken under a wide
mriety of conditions (reference 4), and the study was
:ontinued by means of photanicmgraphs of the sprays
preference 5). The approximate dimensions of the
rigb-velocity cores of spraya from several types of
nozzles were obtained by injeotiug them against pieces
of plastioine, and the outlines of the sprays were
obtained from spark photcgrap@. Cross-sectional
sketches of the sprays made from these measurements
are shown in reference 6.

The presant tests, which were made to obtain quan-
titative data on the distribution of fuel within sprays
from several types of nozzles, are divided into two
parts, each uzing a diflerent test method. The first
method gave the relative amounts of fuel reaching any
particular point in the spray; the second gave the actual
weight reaching each of a series of annular areas con-
centric about the spray axis. The variables studied
were: Air density, nozzle design, fuel visoosity, and
injection pressure. Results were obtied at 1, 3, 5,
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and 7 inches horn the nozzles with the air at 1, 6. and
14 times atmospheric density and at room tempera-
ture. The tests were made at the Committee’s labor-
atories at LamgleyField, Vs., during the first 6 months
of 1935.

APPARATUS

SAMPLING TUEE

The apparatus used to detefie the relative
amounts of fuel reaching Mbrent points in the spmys
will be referred to as the “sampling-tube apparatus”
because it consisted essentially of a small copper tube
that removed n small amount of fuel from each spray
passing its open end. The tubo was soldered to a
traversing-screw mechanism by which it could be
moved linearly at right angles to the spray axis. (see
fig.1.) The tube could enter the clambar- through

*Injecfi
wlve

Traversing
screw

To or

l!-

compr or

Steel
wool I

fyoln

fi13UEE1.-68MP@-lUM aplMITiUS

any one of the four holes shown, the others then being
closed. The inside and outside dinmetem of the tube
were 0.040 and 0.080 inch, respectively, and the open
end was filed to a sharp edge to minimize splashing
of the fuel. The tube exkmded tiugh tie ho~o~
center of the traversing screw into the fyel trap. The
inside of the spray chamber was 10x inches long,
3% inches high, and 4 inches wide. Some of the early
tests were made with a glass window installed in one
side of the chamber, and it was found that steel wool
was very useful in reducing the amount of fuel that
splashed fim the end wall and was carried back into
the spray by the circulating air currents.

In order to make a test, the valve in the compressed-
&r line was adjusted until the desired p~ was
maintained in the chamber and then the fud-injection
pllmp WtlS started. Because the air pressure inside
the chamber was greater than that outtide, air flowed
through the tube to the fuel trap, carrying with it all

the fuel reaching the end of the tube. Absorbent cot-
ton in the trap retained the fuel but allowed the air to
escape. After about 400 sprays had been injected the
pump was stopped, the pressure-relense valve was
opened, and the fuel trap was detached and weighed
on an analytical balance. I?rom its weight increment
during the test and the number of sprays injected, the
“grams of fuel collected per 1,000 sprays” was com-
puted. This value was used m a measure of the fuel
concenu-ation in the spray at the end of the sampling
tube. Although it is desirable to express the results
as grams of fuel per square inch per injection, it is
impossible because air flowed into the tube from an
area greater than the tube area and the extent of that
area is not known.

A series of exploratory tests was always made before
starting the &al traverse across the spray, the tube
being’ bent sidetie by hand as well as being moved
vertically by the screw. The purpose of these pre-
liminary teatk was to locate the regions of maximum
fuel concentration, which were frequently quite small
and might otherwise be missed.

The principal advantages of the emppling-tube
method are: Sprays of any shape may be tasted; as
many readings may be made during a traverse as are
necessary to detmn-ine the shape of the distribution
curve; the Qav- maybe made at any distance from
the nozzle; and the fuel distribution is only slightly
altered by the presence of the small tube. The prin-
cipal disadvantage is that the results cannot be e.xpreas-
ed in terms of fuel weight pcr unit spray cross-sectionol
area. ‘, .

CONCENTRIC CUPS

The appnrntus used to obtain more accurate data on
the distribution of fuel sprays will be referred to as the
“concentric-cups apparatus.” (See fig. 2.) The fuel
sprays were caught by a nest of concentric cups
mounted on a framework, which was lowered into a
pressure chamber. Fuel caught by the cups drained
through small tubes into receptnclcs on the shelf below.
The distance between the nozzle and the upper edges
of the cups was adjustable at 2-inch intervals from 1 to
7 inches. The inside diameters of the eight collecting
cups were: 0.104,0.25, 0.50, 0.75, 1, 1.60, 2, and 3
inches. The wall thickness of the cups was 0.010 inch
and the rims were sharpened to minimize splashing.
The inside diametar of the prwaure chamber was 4
inches so that there was an annular space 0.6 inch
wide outside the largest cup. This apparatus is suit-
able for testing only sprays that are symmetrical nbout
their axes. Tests were made with the plain, the pintle,
and the 4-impinging-jets nozzles; the nozzles, as well
as the injection valves and the pump, were the ones.
used in the sampling-tube tests.

Before each test, several sprays were injected ngai.mk
a thin layer of plasticize mounted just above the cups.
The framework was then adjusted so th~t the truo
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aprny mcis, as indicated by the deepest part of the
impression in the plasticize, coincided with the axis oi
the concentric cups.

After the eight fuel receptacles -were weighed and
placed in position, the entire framework was lowered
into the pressure chamber and the cover bolted down.
The injection tube from the pump was attached to the
injection valve, and compressed air was admitted unti
the desired air density was reached. It was necessag
to operate the injection pump intermittently, injecting
for five cycles and idling for about 20 seconds, in ordel
to let the fuel drain from the cups to the receptacles
through the small tubes. When the pump was con-
tinuously operated, the fuel splashed from one cup to
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%other. The cups were thoroughly drained afti
every 100 cycles, r&d the receptacl~ r&mighed. Fror
the weight increments, the areas of the corresponding
compartments, and the number of cycles, the gram
of fuel per square inch per cycle were computed fo
each annular area. The amount of fuel discharge
from the nozzle during each test was determined b
subsequent tests during which the pump was operate
as before but in which the fuel was caught in a bottl
and weighed.

The principal advantage of the concentric-cup
method is that the reanlts can be expresed in terms c
fuel weight per unit spray cross-sectiomd area. Th
dizadvantagea are that only symmetrical sprays ca
be tested, the number of ted readings is limited to th
number of cups, and the presence of the cups som[

what alters the fuel distribution. The two test meth-
)ds serve as a check on each other,”the weak points of
me being the strong points of the other.

Pldn nozda.

LIP nozzle.

PIntle node.

Nozzle having two Impinging jels.

SUtnozzle

.

Caatrifngal no2A3.

-o .5
Sca/tZ inch

Mnltipk-orfh nozzh

Nozzle IwIng an annnh 0M03
of Vbryhlg m

~GURE 3.—’rypa of nozzk U5?d.

INJECTION EQIIPMENT

Sketches of the types of nozzles used are shown in
figure3. Six plain nozzltx, that is, nozzles having single
cybdrical orifices, were tested. Nozzles with oriiice
diametem of 0.008, 0.014, 0.020, tid 0.030 inch were
used and, unless otherwise stated, the oriiice length-
diameter ratio was 2. Two @nib nozzkx were tested,
one having an oriiice diameter of 0.063 inch and a
nominal spray cone angle of 20° and the other having
an oriiice diameter of 0.059 ‘inch and a nominal spray



392 REPORT NO. 565 NATIONAL ADVISORY COMMI’J7PEEFOR AERONAUTICS

cone angle of 30°. The lip nozzle used had an orifhx
diameter of 0.014 inch, an orifice length of 0.028 inch
and the angle.between the axis of the fuel jet and th
surface of the lip was 45°. Two in@n@g+& nozzk
were tasted, one having two orifices each 0.020 inch ti
diameter and the other having four oriiices eacl
0.030 inch in diameter. In the 4-ori.iice nozzle (no
shown in fig. 3) the plane through “two of the orifica
was at right angles to that through the other two, al
four jets meeting at a common point. The angh
between opposite jets was 74° in each case. With th
annular-or-+ nod the space between the erdargec
end of the valve stem and the valve body constituted
the orifice. This space varied with the injection prtw
sure, and the cone angle of the hollow spray produced
was about 45°. The mu.l$iple+ri~ nozzle rhad sb
ori.tlces in one plane. The two center oriiices had
diametem of 0.019 inch, the next two 0.014 inch, and
the outer two 0.008 inch. The length of each orific~
was twice its diameter and the angle between adjacent
jets was 20°. The slit nozzle had an oriiice width o~
0.008 inch, a length of 0.055 inch, and an average depth
of about 0.050 inch. The bottom of the short cylin-
drical passage above the slit was spherical, with a
radius of about 0.060 inch; the radius of the spherical
end of the nozzle was about 0.110 inch. The ceni~ugai
nozzle had an orifice diameter of 0.020 inch and a length
of 0.010 inch. There were four grooves on the valve
stem to produce the whirling of the fuel; their helix
angle was 30°, and the total area of the grooves and
clearance space was 0.00052 square inch (equivalent ta
a single 0.026-inch orifke).

The nozzles were used in automatic spring-loaded
injection valves, all but one valve being of the lapped-
stem d.iflerential-area type. The exception was the
valve with the annular oriiice, the stem of which was
not lapped but was guided by lands. Sketches of these
injection valves may be found in reference 6. The
injection valves used with the pintle and amular-orifim
nozzles were obtained from commercial concerns; the
other valves and nozzles were made at this laboratory.

Extensive tests of the ratas of discharge of the Bosch
fuel-injection pump that was used for these tests are
reported in reference 7; some of the characteristics of
fuel sprays produced by it are given in reference 8.
The injection tube was 55 inches long and its inside
diameter was 0.125 inch. The fuel ~discharged was
practically independent of pump speed but varied
slightly with orifice area, the extreme values being 0.27
gram per cycle with the 0.008-inch orifice and 0.31
gram per cycle with the annular oriihe. An electrical
revolution counter attached to the pump automatically
recorded the number of injections made.

Except for some tests to determine the effect of fuel
viscosi~ on distribution, the fuel used was a high-grade
Diesel fuel. The following test conditions were con-
sidered standard: pump speed, 75o r. p. m.; injection-
valve opening pressure, 3,5oo pounds per square inch.

TEST RESULTS

SAMPLING-TUEE TZSTS

The results of the sampbg-tube teats of fuel dis-
tribution within sprays from the different nozzles
are presented graphically in &urea 4 to 15, values of
grams of fuel collected per 1,000 sprays being plotted
against -distancez from the spray axis. Distances
above the spray axis are plotted to the loft, those
below” to the right. When a spray was known to be
_eticd about its axis, only one traverse of the
sampling tube was neceswy at each condition, and
it was not usually carried entirely across the spray but
extended from the upper part of the chamber to n
little below the spray axis. With unsymmetrical
sprays, two traverses at right angles to each other were
made for each condition. The test points are shown
on the curves, connected by solid lines. Tho uncom-
pleted traverses are extended with broken lines that
match the solid parts. As the air in the chamber was
not changed during any one test, it always became
fogged with fuel particles. The fuel concentration in
this mist is indicated by the level at which the curves
flatten out to the horizontal, and this level shotid be
considered as the zero line when comparisons are
made between curves. Some of the teak showed a
slightly higher fuel concentration in the lower parts of
the spray than in the upper parts. This difference
was probably caused by the increasing interference of
the traversing screw as it was lowered into the chain-
ber, deflecting more and more of the fuel from the
central to the outer portions of the spray.

Sampling-tube tests were made only at air densities
of 6 and 14 atmospheres. Ii order to obtain them at
1 atmosphere, it would be necessary to put the fuel
trap in an evacuated chamber. The air velocity
through the sampling tube was the same for all tests,
for with an air densi~ of either 6 or 14 atmospheres,
the ratio of the pressures at the inner and outer ends
jf the tube was greater than the critical value of 1.9.

CONCENTRICCUPS TESlT3

The results of the concentric-oups tests are given
R table I. The cups are numbered from 1 to S,
mginuing at the center. The term “percentage of
!uel caught” means the total weight of the fuel col-
.ected by the cups divided by the weight discharged
tim the nozzle during the test, multiplied by 100.
Vaporization can account for only a ~all part of the
‘uel not collected because at room temperature the
ate of vaporization of Diesel fuel is negligible. Most
)f the fuel not caught by the cups was carried off by
ti currents set up by the sprays and was deposited on
;he walls of the ohamber; from there it drained to the
]ottom and was removed at the end of the test.

Although tables of data are concise, any systematic
rends are much more evident when the test results
mepremntid in a graphical form. Therefore the data
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given in table I for sprays fkom the plain nozzle with a
0.020-inch diameter oriiice are also shown graphic~y
in figure 16, grams of fuel per square inch per cycle
being plotted vertically in steps, the widths of which
are proportional tc the distances between the walls
of the cups. The great range of fuel concentrations
(415,000: 1) made it advisable to use a logaritbrnic
vertical scale, thus making it much easier to read the
smaller values. A sketch showing the relative diam-
eters of the concentric cups is included, the scale being
the same as the horizontal scale of’ the plots. The
identifying numbers of the eight cups are shown, and
the steps in the plots are labeled with the numbers of
the cups they represent.

COMPARISON OF RESULTS OF TEE TWO THT METHODS

11’oreach of the teati made with the concentric-cups
apparatus at air densities of 6 and 14 atmospheres, a
corresponding test was made with the sampling-tube
apparatus. IiI order to make a direct comparison of
the results of the two methods, the fuel weights ob-
tained in some of the sampling-tube tests were divided

by the tube area and the number of injections made and
were then plotted opposite the concentic+xps data for .
the same conditions. (See fig. 17.) The comparison
Jhows that there is good general agreament as to the
dlect of diflerent variables on fuel distribution but that
the values are much greater for the sampling-tube tests.
[t is therefore believed that the area from which fuel
was gathered by the sampling tube was much greater
than the area of the tube itself.

DISCUSSION
FOBL DISTRIBUTION IN SPRAYS FROM DIFFERENT TYPES OF

NO~

In the study of the results of the tests described in
this report, it is necesary tc keep clearly in mind the
distinction between dtiribuiion of juel wi#hin a spray
and dM-ibuiim offal throughouta combudian chumber.
Distribution of liquid fuel within the sprays was meas-
ured in this investigation; but other factcrs such as
spray penetration, ti-flow velocity, and engine tem-
perature also influence the distribution of fuel through-
out Qcombustion chamber. For instance, wide sprays
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are”desirable in cases for which high penetration is not
required, such m the injection of fuel during the intake
stroke of spark-ignition engines; but in compression-
ignition engines such sprays usually fail to penetrate to
all parts of the chamber and it become-s necessary to
use plain, pintle, or multiple+riiice nozzles which,
despite poorer distribution within the sprays, may
produce better distribution in the combustion chamber.
Data for the rates of penetration of the various types
of sprays tested are presented in reference 6 and should
be particularly useful in connection with the results

herein presented because, in most cases, the sume
nozzles were used.

The following discussion refers only to the fuel dis-
tribution within the sprays and the conclusions reached
are largely based on the rate at which the fuel concen-
tration decreased with increasing distance from the
center line of the spray.

Plain nozzles.-Figures 4 to 6 and the data in table
I show that the distribution of the fuel within spmys
from the plain nozzles was very poor and that it im-
proved rapidly as the air density or the distance from
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tho nozzle vm.sincreased. The results of the sampling-
tube tests with plain nozzles having dit7erent oriiice
diametem indicate that at 5 and 7 inches from the
nozzlo the distribution became poorer aa the oriike
diameter was incrensed but at 3 inches from the nozzle
the distribution was about thesamefor the O.014_,0.020-,
and 0.030-inch nozzles and inferior to that for the
0.008-inch nozzle. Teats reported in reference 7 show
that the injection pressure rapidly decreased as the
orifice dinmeter was increased. As will be shown later,
a decrease in the injection pressureresults in poorer fuel
distribution, and this factor is at least partly responsible
for the change in distribution with orifice size shown by
the pre9ent tests.

Some sampling-~be tests were made with plain
nozzles hn,ving orifice diameters of 0.020 inch and ori-
fice length-diameter ratios of 0.5, 2, and 5, but the
effect of orifica length-diameter ratio on fuel distribu-
tion was very slight, and the results of the tests are not
included in this report.

Pintle nozzles.-l?igure 7 and table I show that the
fuel distribution in the sprays horn the 20° pintle
nozzle was better than in those from all of the plain
nozzles except the one with the 0.008-inch oriiice.
Increasing tho air density from 1 to 6 atmospheres
resuh%d in poorer fuel distribution, but a further
increase to 14 rhnospherea resulted in an improve-
ment. The improvement with &tan& from the noz-
zle was not so rapid as with plain Rozzles.

The results of sampling-tube tests with a 30° pintle
nozzle at 3 inches from the nozzle are shown in figure
8 ard corresponding curves for the 20° nozzle are
includetl to facilitate comparison.” The concentic-
cups data in table I show that rtiing the air density
from 1 to 6 atmospheres caused the fuel distribution
to become much pomer,: but a further increase to 14
atmospheres had little effeot. The unusual change in
fuel distribution between 1 and 6 atmospheres for both
pintle nozzles was probably. “caused by narrowing oi
the spraymo~e. (See raference 6.) At 1 atmosphere
the fuel in sprays from the 30° nozzle was much bettm
distributed thm in those from the 20° nozzle, at 6
atmospheres there was little difference, and at 14
atmospheres ,the sprays from the 20° nozzle had the
bettor distribution.

Lip nozzle.-sprays from tho lip nozzle are shaped
like a narrow fan, extending outward from the li~
surface. Two travema by the sampling tube at each
condition were therefore necessary to obtain a true
picture of the fuel distribution. One traverse was
made perpendicular to the plane of the lip surface:
displacements above this plane (on side toward the
orifice) being plotted to the left and those below it tc
the right. The results of the teats 1 inch from th~
nozzle (fig. 9) show that the plane of mtium fuel
concentration coincided with that of the lip surface,
but that more of the fuel was above that plane than

below it. The second traverse was made in the plane
~f the lip surface, the nozzle having been rotated 90°
after maldng the first traverse. The results show that
rd 1 inch from the nozzle the distribution of the fiel
in the plane of the lip surface was much better than in
the plane at right angle-s to it but that at 3 inches
from the nozzle there was little diiTerence. The curves
for the two traversw made at 3 inches from the nozzle
are so close to each other that the test points have been
omitted. When the air densi~ was increased from
6 to 14 atmospheres, the fuel distribution at 1 inch
from the nozzle improved slightly in both planes but
at 3 inches from the nozzle it became poorer.

Impinging-jets nozzles.-Cmss sections of sprays
from a 2-impinging-jets nozzle are approximately .
elliptical, the minor axis of the ellipse lying in the
plane cent- the axes of the two, jets. Sampling-
tube traverses were made first through the narrow
parts and then through t~e wide parts of the spray.
Figure 10 shows that fuel +stribution along the lines
of both traverses improved with distance from the
nozzle but that increasing the air density from 6 to 14
atmospheres had very little effect.

Sprays from Aimpinghqg-jeti nozzIes are sym-
metrical about the spray axis so that only one traverse
was necessary for each condition. Figure 11 shows
that the distribution of fuel near the nozzle was very
good and improved slowly with increasing air densi~
and distance from the nozzle.

Annular-orifice nozzle,—’lle injection valve used
for the rmmdar%riiice nozzle tests was designed for
the injection of gasoline into air at atmospheric den-
sity, a condition requiring relatively low injection
pressures. The valve was set at its maximum valve-
opening pressure, about 1,000 pounds per square inch,
with the result that the mean injection pressure was
considerably 1sssfor these tests than for those with the
other nozzles.

Only one traverse was made at each condition when
te9ting the ammhr-oriiice nozzle, although previou9
work (reference 6) had shown that this particnkw
nozzle does not produce symmetrical sprays. Figure
12 shows that this nozzle dispersed the fuel very quickly
and that as the air density was incrensed the fuel dis-
tribution became poorer. Experience with several
annular-orifice nozzles at this laboratory indicates that
the production of unsymmetrical sprays is a common
fault of this type of nozzle and that its usefulness is
thereby decidedly reduced.

Multiple-orifioe nozzle.-Each of the jets from a
multiple-oriiice nozzle is symmetrical about its axis, so
that a single traverse in the plane of the jet axes was
sufficient. The size of the pressure chamber limited
the traveme at 1 inch from the nozzle to four of the
six jets, and at 3 inches born the nozzle only the two
cential jets could be included. Figure 13 shows that
the various jets remained distinct, Yery little fuel being
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defleckd into tha spaces between them. The travem[
was carried in a straight line across the spray and inter
sected the two central jets at an angle of 80° and thf
other two jets at 60°. Before each jet was traversed
however, the end of the sampling tube was bent paralb
to the axis of that jet. The te9t re9ults show that th
distribution of fuel in the two central jets from th~
multiple+riiice nozzle was better than in sprays from f
plain nozzle having nearly the same ori.iice diameter
T~ attributed to the more tgrbrdenl
flow through the ofices of the multiple+riiice nozzle
which have no conical approach= to help stabilize th(
flow. (See reference 5.)

Slit nozzle .—Results of sampling-tube tests witl
the slit nozzle are shown in figure 14. Sprays horn thi
nozzle resemble those from the lip nozzle but ar(
somewhat thinner and broader. Tests made at tb.i
laboratory have shown that the fuel distribution i
sprays from slit nozzles is greatly influenced by th
shape of the fuel pawa.ge between the stem seat and th[
slit. With nozzles having cylindrical passages, th(
shape of the bottom of that passage is important, a
flat bottom resulting in a narrow spray and a ccnioa
bottom often breaking the spray into two parts. A
spherical bottom has been found to be the best, bul
even with it the fuel distribution may be irregukw, w
shown by the results of sampling-tube traverses mad~
paraflel to the slit at 1 inch from the nozzle. Thf
curves in figure 14 show that increasing the air detiQ
had little effect on fuel distribution along a line parallel
to the slit but did improve the distribution at righi
angles to the slit. Fuel distribution in both directiom
improved with increasing distance from the nozzle.

Centrifugal nozzle.-b the whirling fuel leavea the
centrifugal nozzle it spreads out to form a hollow cone.
At the same time, however, the thin sheet of fuel begins
to disintegrate into drops and, as the fuel gets farther
from the nozzle, the sides of the cone thicken until the
hollow center’ is entirely filled. The disintegration of
the spray core continues to send fuel drops into the
central part of the spray from all directions as well as
to send them to the outer parts of the spray, with the
result that the fuel concentration becomes greatest at
the center of the spray. In air at atmospheric density
the process may not be completed until the fuel has
traveled an inch or more from the nozzle, but at 6 and
14 atmospheres it is completed in a shorter distance, as
show-nby the curves in figure 15. Dishibution of the
fuel improved vvithincreasing distmmefiwm the nozzle
but became slightly worse when the air density was
increased from 6 to 14 atmospheres.

Comparison of the various types of sprays.—After
a oareful study of the data presented in this report, the
following nozzles have been listed in the order of
improving distribution of fuel within their sprays:
Plain nozzle, pintle nozzle, centrifugal nozzle, lip

nozzle, slit nozzle, it-impinging-jet8 nozzle, 2-imping-
ing-jets nozzle, and annular-orifice nozzle. There
W- little difference between the lip and slit noz-
zles, and the listing of the annular-m-dice nozzle as
producing sprays with the best distribution is question-
able because of the nonsymmetry of the sprays. The
multiple-orifice nozzle was not included in this list
because only the central portion of its spray could be
investigated.

EFFECT OF INJECTION PEESSURE ON FUZL DISTRIB~ON

Tests were made both with the sampling tube and
with the concentric cups to measure the e.tIectof injec-
tion pressure on fuel distribution. The plain nozzle
with the 0.020-inch orifice was used; the valve-opening
pressure was reduced to 73o pounds per square inch
and the pump speed, to 487 r. p. m. These valuea
were chosen because the tests of the injection pump
reported in reference 7 showed that making these two
changes resultedin reducing the mean effective injection
premure from 2,500 to 1,260 pounds per square inch.
The curves in figure 18 and the data in table I show that
the fuel distribution was slightly better at the higher
injection presmre.

EFFBHOF FUEL VISCOSITY ON DISTRIBUTION

Sampling-tube teats were made with a hydrogenated
safety fuel, a Diesel fuel, and S. A. E. 30 lubricating
oil in air at a density of 14 atmospheres. The high
volatility of the safety fuel made it necessmy to apply
a correction to the results of te9ts using this fuel.
The correction was obtained by running an evaporation
test at the end of alternate fuel-collecting tests; air
flowed through the fuel trap for the same length of
time as fQr the fuel-collecting teats, but there wore no
Bpraysin the chamber. The decrease in the weight of
the fuel trap during each evaporation test was added
to the fuel weight collected during the preceding and
following tests to give the correct amount of fuel
collected. This correction varied from 12 percent of
the fuel collected at the centers of the sprays to 84
percent at the edges. Concentric+mps tests were
made with the safety fuel and the Diesel fuel but not
with the lubricating oil, as it would not flow through
the small drain tubes. The plain nozzle with the 0.020-
inch orifice was used at the standard injection condi-
tions, and all the tests were made at 3 inches from the
mozzle. The viscosities of the safety fuel, Diesel fuel,
md lubricating oil were measured at 22° C. and at
mtiospheric pressure and found to be 0.0058, 0.052,
md 3.1 poism, respectively.

The results of the sampling-tube tests (fig. 19)
hl.icate that the fuel distribution became poorer as
the fuel viscosi~ was increased, but the concentric-
mps tests showed little difference between the distri-
mtion in Diesel and safety-fuel sprays.
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EFFECTS OF VAPORUATIOX AND AIR MOVRMRNT ON FUEL
DISTRIB~ON

The present results have shown the distribution oj
the fuel in the liquid phase. The additional effects oj
vaporization and diffusion and of air movement on
the distribution of the fuel can be estimated by com-
paring these data with those presented in references
9 and 10. The photographs of the combustion in

. reference 9 show that the fuel was distributed over a
larger area than indicated by the distribution in the
liquid phase. With a plain nozzle, for example, the
flame volume was more than five times the liquid
spray volume and, although the present tests show
that in the liquid phase without air flow there was very
little fuel distributed between the jets of the multiple-
orifice nozzle, the combustion photographs show that,
when the same nozzle is used under conditions closely
simulating engine conditions, a considerable amount
of fuel reached the area between the visible sprays.
Test results for an engine with very little or no air
flow (reference 11) show that, although a combustible
mixture is formed over a considerable area even with
a singkrifice nozzle, the effectiveness of tie combus-
tion is low unless a sufficient number of orificm is used
to give an anglebetween sprays of about 25°. When air
flow is employed, the optimum angle between the sprays
may be the same or greater. (Seereferences 12 and 13.)

The photographs reproduced in reference 9 show
that when high-dispersion nozzk.s, such as the slit or
impinging-jets nozzles, are used, the distribution within
the sprays is good but that apparently the air-fuel
ratio is too low for good combustion efficiency.

CONCLUSIONS

Distribution of the liquid fuel within sprays is only
one of the factors that determine whether the fuel
will be well distributed b all parts of the combustion
chamber; some of the other factors are rate of spray
penetration, air-flow veloci@, and engine temperature.
%tisfachmy combinations of these factors must be
detemnined by engine tests, but the results herein
presented and summarized as follows should reduce
the required amount of such test work.

1. Fuel distribution in all types of sprays improved
with increasing distance from the nozde, the improve-
ment being the most rapid in sprays of high penetrating
power.

2. Fuel distribution within sprays having l@h pene-
trating power improved greatly when the air densi~
was increased, but the improvement was much 1sss
in sprays having low penetrating power; in some
widely dispersed sprays the distribution became poorer.

3. Incensing the injection pressure resuhed in a
small improvement in the fuel distribution in sprays
from plain nozzles.

4. Sampling-tube tests showed that increasing the
viscosity of the fuel resulted in poorer fuel distribution
in sprays from plain nozzles

5.The nozzles used for these tests are listed as
foIIows in the order of improving distribution of fuel
within their sprays: Plain nozzle, pintle nozzle, cen-
trifugal nozzle, lip nozzle, slit nozzle, 4-impinging-jets
nozzle, 2-impinging-jets nozzle, and annular-orifice
nozzle.

6. Cllmngingthe orhice length-diameter ratio of one
of the plain nozzles had very little effect on the fuel
distribution in the sprays.

7. Fuel distribution in the two central jets of sprays
from the multiple+riflce nozzle was better than in
sprays from a plain nozzle having nearly the same
mifice diameter.

LANGLEY MELIORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLEY lhELD, VA.,A@ 8, 1936.
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